We examine the environmental and policy impacts of switching from oil-fired to natural gasfired generation in New York City (NYC). We create an hourly panel of the fuel use of NYC's generators and use a semi-parametric approach to identify the fuel price spread that induces the switch from oil to gas. We find that NYC's pollution emissions decrease significantly after switching to natural gas. Around two-thirds of these emission reductions come from reduced emission intensity within plants, while the remaining third comes from less intense dispatch of oil fired generators. To illustrate the policy impact, we simulate the introduction of a real time pricing (RTP) program in NYC. The results suggest that the environmental benefits of the RTP decreased by nearly 30% due largely to fuel switching. While we focus on RTP, these results can be used to evaluate any energy policy that has a heterogeneous impact across time or the demand profile.
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Introduction
Electricity generation is one of the largest sources of air pollution in the United States. However, emissions have fallen consistently since 2009. Some of this reduction in pollution is because of regulations designed to reduce emissions and limit externalities, but a signficant portion can be traced to unrelated price changes in other markets. Sustained low prices for natural gas have led many electricity generators to switch their fuel source from coal or oil to natural gas. Natural gas combustion produces lower levels of carbon dioxide, sulfur dioxide, and nitrogen oxides than the competing fuel sources. Therefore, the shift to natural gas has the ancillary benefit of reducing pollution emissions in the electricity sector.
This paper is an effort to determine the impact of the price changes in natural gas on the pollution emissions from electricity generators. We evaluate the environmental impacts of fuel switching at two margins:
improved emissions intensity as oil fired-generators switching to natural gas (which we term the intensive margin) and less intense dispatch of pollution intensive power plants as lower cost natural gas generators are dispatched more intensely than oil-fired generators (the extensive margin). The flexibility of generators to burn multiple fuels has been widely studied.
3 Pettersson et al (2013) analyze fuel switching in Western Europe and assess the impact of the carbon market on the incentives to switch fuels, but they do not look at the environmental impact of the switch. Maria et al (2014) finds that fuel choices did not change between the announcement and implementation of the US Environmental Protection Agency's (EPA) Acid Rain Program. Rather than focus on the impact of environmental regulation on fuel choice, we analyze the impact of fuel choice on environmental outcomes. For this analysis, we use the plausibly exogenous fall in natural gas prices caused by the widespread adoption of hydraulic fracturing and horizontal drilling for extraction.
A significant amount of literature has emerged that predicts the environmental impact of energy policy and highlights the importance of evaluating policy by using marginal emissions rather than average emission rates.
4 Cullen (2013) and Kaffine et al (2013) estimate the environmental impacts of expanding wind generation. Graf Zivin et al (2014) estimate marginal emissions across space and time and apply the results to evaluate the environmental impact of plug-in hybrid cars. This literature typically attempts to control for fuel prices using fixed effects and estimates a short-run marginal emission curve. In this paper, we estimate a medium-term emission rate with varying input prices but with a constant set of generators. This method highlights the importance of fuel costs in estimating marginal emission levels.
Fuel sources are imperfectly observed in various public data sets describing the electricity generating industry. To address this limitation, we build a unique data set that describes the electricity market in New York City (NYC) hour-by-hour from [2005] [2006] [2007] [2008] [2009] [2010] . We also take advantage of detailed generation and pollution emissions data reported to the EPA in conjunction with the SO2 and NO x markets implemented under the Clean Air Act.
These data and the unique pollution signature of the various fuels allow us to use a series of semi-parametric regressions to identify the fuel price spread associated with generators switching to natural gas.
We then build an hourly panel of fuel type, electricity output, and pollution emissions for every generator in the five boroughs of NYC from [2005] [2006] [2007] [2008] [2009] [2010] . Over this period, we observe the oil-fired generators' transitions to natural gas and generation moving from oil to natural gas-fired generators. We estimate that when diesel prices exceed natural gas prices by more than around $4 per million British thermal units (mmBTU), the fuel switching generators switch to natural gas. Using the panel nature of our data, we are able to estimate the pollution emissions averted by the shift to natural gas and natural gas-fired generators. These estimates can be used to evaluate the environmental impact of new and existing energy and environmental policies. To illustrate the use of these estimates, we simulate the impact of implementing real time pricing for electricity in NYC over the study period. The results suggest that the changing fuel price spreads reduce the environmental benefits of the real time pricing by around one-third. While we focus on real time pricing in our application, these results can be used to assess the environmental impact of any energy policy that has a heterogeneous impact across the demand profile such as plug-in hybrds, bulk electricity storage or energy efficiency building codes.
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The paper proceeds as follows: in section 2, we provide background and describe the data; we describe the methodology for identifying the generators' fuel type in section 3; in section 4, we report the results of the semi-parametric estimation of the generation levels, fuel inputs, and pollution emissions. Section 5 presents the results of a simulation of a real time electricity pricing program in NYC. Section 6 describes the implications of the results and the final section concludes and provides some suggestions for future research.
Background and Data
New York City has a large and dynamic electricity market. For reliability reasons, the New York systems operator has instituted a local capacity requirement that mandates that within-city generators have the installed capacity to meet approximately 85% of NYC's forecasted peak load. The capacity requirement is enforced primarily through a monthly capacity auction. 4 The auction winning units are required to be available to provide power each day of the contracted month. This requirement helps reduce the risk of catastrophic blackouts by lessening the city's reliance on imported electric power.
This process forces a significant amount of generation capacity to be located inside the city. This proximity exposes city residents to the pollution associated with electricity generation. The New York State regulations on acceptable emissions levels in the city have essentially banned coal-fired generation. This ban leaves a mix of oiland natural gas-fired generation to meet the reliability requirement. Figure 1 describes the location, size, and pre-2005 fuel type of the generators in NYC. New York City is an ideal location to study the impacts of fuel switching on pollution because the city's changes in demand will affect the marginal generator that is also located in the city because of the reliability requirements. Any environmental or energy policy that affects demand differently across hours of the day or levels of generation will have an impact on the emissions of local generators.
Joskow (2013) describes how the twin technological innovations of hydraulic fracturing and horizontal drilling have led to huge decreases in the price of natural gas that have coincided with increased oil prices. Figure 6 2 describes the evolution of oil and natural gas prices. Natural gas and oil prices both fell during the 2008 recession, but oil prices quickly recovered and began to slowly increase by early 2009. Natural gas prices continued to fall after the recession and have hovered near historic lows of less than $2 per million btu since the spring of 2012.
This combined effect is a significant relative price change in favor of natural gas.
In the long run, oil-and natural gas-fired capacity are near perfect substitutes, but once electric generators are constructed their ability to switch fuels is limited. For the most part, the boilers of electric generators cannot switch between coal and natural gas without cost once they are constructed Söderholm (2001) ). Switching from oil to natural gas as the primary generator fuel is a significant investment that requires one and half to two years of downtime (IEA (1988) ) suggesting intensive margin impacts of fuel switching will reqiure significant and stable changes in fuel prices. 5 In the short run, fuel switching can occur at the extensive margin by bringing oil and natural gas generators online at different times in response to the changing marginal cost of production. No fuel type has enough generating capacity in NYC to meet the city's entire load so changing dispatch patterns cannot lead to complete fuel switching.
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An analysis of the fuel switching of flexible-fuel generators across both dimensions requires information on electricity generation, fuel prices, electricity markets, and the potential drivers of demand at high frequency.
We construct a generator hour-level panel for every generator in NYC's five boroughs. We collect the data for our panel from the EPA's Clean Air Markets database. Their data is collected by the Continuous Emissions Monitoring Systems (CEMS) installed in every generator in the country with a generating capacity above 25 megawatts. The data is used to ensure compliance with the EPA's Acid Rain Program implemented under the Clean Air Act
Amendments. The CEMS data reports hourly emission levels of SO 2 , NO x , and CO 2 for each smokestack at every generator. The data also includes hourly measures of fuel inputs and electricity generation along with a host of 5 Fay et al (1986) reports that oil-to-gas conversions take less than a year and that converting a 50 megawatt generator could cost around $1 million. More recent and detailed estimates of the cost of conversion are, to our knowledge, unavailable. Both studies are consistent with the anecdotal media reports on individual generator conversions: the costs and construction times are significant. 6 Other impediments to fuel switching include long-term fuel procurement contracts, the availability of pipeline capacity to provide fuel, and the potential triggering of a higher level of environmental regulation under the Clean Air Act's New Source Review due to major upgrades at existing facilities. Table 1 describes the variables and their summary statistics.
Identifying the fuel type
We focus on New York City as a whole and a two generators that use both natural gas-and oil-fueled generation throughout the study period. 9 These fuel switching generators have the largest changes in marginal emissions rates, and policies that affect their fuel choice and production level are likely to have the largest environmental impacts. There are several publicly available data sets that can be used to identify what fuel a electricity generator is using. The (Energy Information Administration) EIA reports the total generation by fuel type monthly at the prime-mover/generator level. 10 The EPA reports the primary and secondary fuel types each 8 hour for each stack, but the data does not describe which fuel is in use at any given time. Neither of these data sets directly reports the fuel usage across load levels or times of day, so we are forced to estimate the fuel type from the emission rates in the EPA CEMS data. The data on which fuel type is in use each hour is crucial in order to link its emission level when estimating the environmental or energy policy outcomes.
Emission factors are published by the EPA in their AP-42 documentation. 11 These emission factors describe the expected pollution emission intensity per unit of fuel input for various types of fuel. By using the SO2 emission rates in the EPA Clean Air Market data measured against the expected SO2 combustion rates from the AP-42, the identification of the type of fuel a generator used during a given hour is possible. The primary aim of this exercise is to distinguish between oil and natural gas as a generation fuel, thus the SO2 emission factors are sufficiently detailed to determine which type of oil was used as fuel.
Based on the SO 2 emission intensity calculated from the AP-42 data, determining when a generator chooses oil or natural gas is possible because there is a large difference in the SO2 rates. Natural gas combusts at around 0.27 sulfur grams per millions of British Thermal Units (g/mmBTU) with very little variance. Distillate fuel oil number 4 combusts at about 460 sulfur g/mmBTU, and residual fuel combusts at 471 sulfur g/mmBTU. Most distillate fuels range anywhere from 450 to 462 sulfur g/mmBTU.
We define any SO2 rate below 25 g/mmBTU, or 500 ppm sulfur, as clean middle distillate; any SO2 rate of 100 g/mmBTU or less as middle to heavy distillate; and anything greater than 100 g/mmBTU as heavy distillate residual oil. In Table 2 , we report average SO2 , NOx and CO2 emission rates for oil and natural gas fired generators. Figure 3 shows the emission intensity within the ranges of the oil-and natural gas-fired SO2 emission rates. The distribution of natural gas-fired generation is extremely tight with a mean of 0.272, a fifth percentile of 0.272, and a ninety-fifth percentile of 0.273. The distribution of the oil-fired generation clearly shows differing emission intensities across oil types.
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The Compilation of Air Pollutant Emission Factors, or AP-42, "contains emissions factor and process information for more than 200 air pollution source categories." The latest edition of the AP-42 was published in 1995 and has been updated frequently.
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We use the CEMS data to determine the fuel type for each stack at each generator in NYC for every hour from 2005 to 2010. We then aggregate the stack-level data by using the output measured in megawatts to create a summed distribution of the fuel use in each hour for each plant. The final data set is a generator-hour panel of generation, fuel type, and pollution emissions. The fuel-type choices for each plant are described in Table 3 . The majority of the generators in NYC during the time period are exclusively natural gas-fired, but four plants rely on various types of oil. The plants that switch fuels can be identified by using the hourly CEMS data to break down how many megawatt-hours were produced with each fuel.
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Astoria Generating Station, Charles Polletti and Ravenswood Generating Station are the three large generators with significant oil generation over this time period. Those generators are the one with the ability to respond at either the intensive or extensive margin to changing fuel prices. Charles Polletti responds primarily by generating less as fuel prices increase. For that reason we we will focus on Astoria and Ravenswood in the empirical exercise below.
Empirical examination of fuel switching
Empirical approach
We estimate the extent of the environmental impact of fuel switching for NYC as a whole as well as for the two fuel switching generators identified in the previous section. We follow Holland and Mansur (2008) by using a semi-parametric model to estimate the marginal response of generators to changes in demand. We focus on the generation levels, fuel choices, and the marginal pollution levels across different levels of NYC loads to understand how the generator's fuel choice changes with different levels of demand. Analyzing the generator's production across demand levels is useful in evaluating the economic and environmental impacts of an energy policy. We begin by analyzing the level of electricity generation across fuel price spreads and NYC demand levels.
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The fuel price spread is defined as diesel fuel  natural gas price where both prices are measured in mmBTU. 13 We conduct our analysis across price-spread quartiles, which are defined over the entire time series and summarized in Table 4. 14 The lowest quartile ranges from -$3.74 to $4.39 and is observed primarily in 2005, but the spread dips to that level as late as 2009. The second quartile ranges from a spread of $4.40 to $7.54, the third quartile goes up to $9.68, and the fourth is any spread above $9.68. Table 5 summarizes the distribution of spread quartiles across time. From 2005 through the end of the data set in 2010, the spread increases consistently but the seasonal demand shifts and market shocks generate variations in the spread quartiles over time.
To control for varying energy market conditions, we define NYC electricity demand deciles using data from the NYISO. 15 Not surprisingly, low deciles of load are observed primarily in the overnight hours, and higher load deciles occur primarily during peak demand hours (hours 7 a.m.-11 p.m.).
We estimate the equation below for all generators in NYC and for Astoria and Ravenswood separately:
where f indexes facilities, and h denotes hours. The dependent variable, Gen weather controls that comprises the temperature, temperature squared, humidity, humidity squared, the interaction of the temperature and the humidity, and the temperature interacted with the amount of sunlight during the day measured in minutes. 16 These variables control for the observable weather shocks that might affect electricity demand and the generator's dispatch choices within an NYC load decile. 17 The  is a set of month fixed effects, and the  is a set of year fixed effects that flexibly control for seasonal and long-run unobservables in electricity consumption and dispatch patterns respectively and  is the error term. 18 The  vector contains the coefficients of interest. They describe the marginal change in natural gas generation, from a 1 megawatt-hour increase in generation at a generator.
After analyzing the dispatch patterns, we move on to evaluating the fuel choices as the fuel price spread and demand change. To estimate these changes we modify equation 1 slightly and estimate:
where the dependent variable is the level of generation, measured in megawatt-hours, from natural gas at the electricity generating facility. We use the methodology described above to define the fuel choice at the stack level and aggregate up to the generator level for each hour. The generator. This vector of coefficients can be used to assess the environmental impact of an energy policy. Each  provides the change in emissions associated with a marginal change in generation at that demand level and fuel price spread. Policies that affect demand at different levels of consumption can be assessed independently 12 from these results. This approach is consistent with the emerging literature on the importance of evaluating an energy policy based on marginal emissions and controlling for variation in marginal emissions across space and time. The top panel shows little change in the average generation level within a NYC load decile across the four quartiles of fuel price spreads. The average level of dispatch across the city seems to be slightly higher in load deciles 6-9, although these differences are not statistically significant. The average level of generation weakly increases with NYC load levels, although the controls for the weather appear sufficient to soak up most of this variation. The average level of generation across the entire data set is 260.8 megawatt-hours per generator. The results suggest that the pattern of imports and exports of electricity do not vary significantly over the quartiles of fuel price spreads. 19 We focus on the two generators identified as switching fuels during the study period to better understand the intensive margin of fuel switching.
Empirical results
Generation
Results for all genefators in New York City are available by request. 20 Decile 1, quartile 1 is the omitted category. It is set to zero in these graphs to aid in the interpretation of the other coefficients. 21 The cluster robust standard errors are consistent in the number of clusters. With 18 generators the robust standard errors may understate the true standard errors. We prefer to report cluster-robust standard errors where possible as they place (slightly) less structure on the nature of correlation in the error term. The results with Newey-West standard errors are, like the cluster-robust results, highly significant.
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The next two panels (for Astoria and Ravenswood respectively) show the changes in dispatch at those generators. Using a series of t-tests, we find that Astoria generates significantly less electricity in the NYC load deciles of 5-10 in fuel price spread quartile 1 as compared to quartile 2. For fuel price spread quartiles 3 and 4, the difference is similar and statistically significant at the higher load deciles. The generation levels are higher in quartile 4 than quartiles 2 and 3, although the magnitude of that difference is relatively small. The results suggest that Astoria dispatches much more intensely when the fuel price spread is relatively small and that difference increases with the load levels. As demand increases, the relatively high priced generation from Astoria is brought online.
The bottom panel shows that the dispatch level for Ravenswood is also similar across fuel price spreads at low levels of demand. From load deciles 5-10, the generation levels are significantly higher during the period of relatively low price spreads. Spread quartiles 3 and 4 are statistically indistinguishable from each other with the exception of load decile 10. at a generator. Quartile 1 of fuel price spreads in which natural gas is relatively more expensive has by far the lowest megawatt-hour increase in generation. In each price-spread quartile, the natural gas used to meet load falls as demand increases, but the decrease is much larger in quartiles 2-4.
Fuel choice
For the city as a whole (top panel), the results of an F-test of the hypothesis that
1, =   22 for each load decile suggest that natural gas-fired generation is significantly lower in every decile but the tenth. In the highest load deciles, all of the available generation in the city is likely to be on and little or no difference is expected. 22 We conduct ten hypotheses tests, one for each NYC load decile, that compare the coefficient from the first price-spread quartile to the second.
Astoria (in the second panel) also produces less electricity from natural gas in price-spread quartile 1 while the other quartiles are (largely) statistically indistinguishable from each other. In load decile 1 in price-spread quartile 1, just over 40 % of a marginal increase in generation is served by natural gas. In the same load decile in price-spread quartile 2, the marginal increase rises to nearly 60 % . As with NYC as a whole, the fuel usage converges in demand decile 10 where the plant is operating at full capacity. Ravenswood (in the bottom panel)
follows a similar pattern. Results of an F-test of the hypothesis that
suggest that Ravenswood produces statistically much less electricity from natural gas in every load decile except the tenth.
The Astoria and Ravenswood generators did not add or close any generating units during the study period. 23 Using the regression results from the bottom two panels of Figure 5 , we can discern the dispatch decisions consistent with the observed marginal generation profile. In price-spread quartile 1, both generators rely on less natural gas-fired generation as demand rises. In quartiles 2-4, they rely on increasing levels of natural gas-fired generation and bring more oil-fired generation online only at the higher demand levels. This pattern is particularly pronounced for Ravenswood that brings on increasing levels of natural gas until load decile 8 when the it is forced to greatly increase oil-fired generation.
Pollution
We analyze the impact of increases in generation on pollution emissions across load levels and relative price spreads. Figure 6 is a summary of the marginal SO2 emissions associated with a marginal increase in generation across price-spread quartiles and NYC load deciles. The top panel, describing results for all generators in NYC, shows that price-spread quartile 1 has the highest emission level. Marginal emissions are statistically much larger at all of the load levels. A 1MWh increase in generation is associated with a 1.3 pound increase in emissions in load decile 1 that increases to 1.7 pounds in load decile 10. The point estimates are trending up throughout price-spread quartile 1, but they are not estimated precisely enough to confirm that the trend is statistically significant. The marginal emission estimates are very similar across the other three price-spread quartiles. Once again, there is a weak upward trend in the emission rate as generation increases.
The second panel of Figure 6 shows the marginal emissions at Astoria. In the lowest price-spread quartile, Astoria has a slightly lower SO2 emission rate than NYC as a whole. The emissions increase through the 7 th quartile after which they drop slightly as more natural gas comes online. During the other three price-spread quartiles, the emission rates weakly increase as more oil-fired generation is brought online in the highest demand deciles. The bottom panel characterizes the marginal emissions at Ravenswood. Once again, the emission rates are significantly higher in the lowest price-spread decile. The emission rates are comparable to NYC as a whole and increase with demand in that quartile. Consistent with the gas-generation profile in Figure 5 , the emission rates increase sharply in the highest two demand deciles as large quantities of oil-fired generation are brought online.
We turn now to estimating the SO2 emission reductions at the extensive and intensive margins. We define the extensive margin as market driven fuel switching due to changes in dispatch intensity of oil and gas fired generation. These "fuel switches" occur as the relatively high-priced oil generation at the generators is displaced by natural gas generation. We define the intensive margin as within plant changes in emissions intensity from fuel switching. The intensive margin changes could be driven by changes in the infrastructure of a plant from oil to gas, changing fuels at flexible fuel units or changing dispatch intensity of boilers within a plant. 24 In this paper we abstract from the mechanism and refer to all within plant changes in fuel use and emissions intensity as the intensive margin
In Table 6 , we summarize the total emissions and generation between quartile 1 and the average of quartiles 2-4 for each generator in NYC. The aggregate emissions fall by 25.8 million pounds from quartile 1 to quartiles 2-4. Eighty-five% of that net decrease occurs at Astoria and Ravenswood: 37% and 48% respectively. Six 24 In the appendix we provide evidence that the emission reductions are not primarily driven by changing dispatch of units at a given plant.
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plants increase their aggregate emissions that account for a total of 15,176 pounds of the increase.
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The total generation in NYC falls by 1.3 million megawatt-hours (around 4 % ) between the first and second to fourth quartiles. The reductions in generation at Astoria and Ravenswood are 1.9 million and 2.7 million megawatt-hours respectively. We evaluate the extensive margin by calculating the change in generation between quartile 1 and quartiles 2-4 multiplied by the emission rate in quartile 1. We calculate the intensive margin by calculating the change in the emission rates between quartile 1 and quartiles 2-4 and multiplying by the generation level in quartiles 2-4. These two margins sum to the total change in generation. Both fuel switching plants respond primarily at the intensive margin with nearly two-thirds of the reductions in emissions. Changing fuel prices drive fuel switching generators to lower emission intensities that lead to large reductions in the total emissions from electricity generation. The adjustments at the intensive margin for these two plants account for 55% of the total emission reductions across NYC observed between quartile 1 and quartiles 2-4.
Robustness checks
We conduct a number of robustness checks in the appendix to ensure that the observed generation and pollution are driven by relative fuel prices instead of some other unobserved factor that varies with fuel prices.
These checks comprise controlling for changes in generator ownership, analyzing the impact of fuel switching on the emissions of other pollutants, using intra-month variation to identify impacts, results for other generators in NYC, and using price-spread deciles instead of quartiles. In this section, we focus on the most likely confound of the analysis: pollution permit prices. The fuel prices analyzed so far represent the largest variable cost in electricity production, but both SO2 and NO x emissions are regulated under cap and trade systems. The emission intensity of oil-fired generation is higher than natural gas meaning that the fuel price spread understates the full variable cost spread. If changes in emission prices vary systematically in a way that makes natural gas more attractive relative to oil, then this variation might be the source of the observed fuel switching. Table 7 shows the pollution permit prices for SO2 and NO x . 26 The price of permits falls as the price spread increases because as oil (and coal) become less competitive they require fewer permits. The producers who sell their permits on the market have caused an extended period of extremely low permit prices. The regulatory uncertainty around the SO 2 trading program has also helped keep prices low. 27 This price drop has actually served to make oil more attractive relative to natural gas. Absent the changes in the permit price the shift to oil might have happened at even lower price spreads than those observed.
To confirm this result, we reestimate equation 2 with SO2 emissions as the dependent variable and added controls for SO2 and NO x permit prices. The results, reported in Figure 7 suggest that controlling for pollution permit prices has little effect on the estimated emission intensity. The point estimates of the marginal emission intensity are slightly higher and more precisely estimated after controlling for the permit price. None of the differences is statistically significant, and the change in magnitudes is quite small. These generators are also subject to the Regional Greenhouse Gas Initiative (RGGI) that came into force in January of 2009. We reestimate equation 2 on the subset of the data before 2009. The results are consistent with the full data set, which is not surprising. The RGGI prices (in the range of $2 to $4 per ton) are swamped by the drop in relative spread prices.
Application to Real Time Pricing
The variation in marginal emissions over the load profile and fuel costs makes estimating the environmental impact of the proposed electricity market regulations ex ante extremely difficult. To illustrate this point, we evaluate the environmental impact of real time pricing on pollution emissions in NYC across different fuel prices.
Real time pricing seeks to incentivize electricity consumers to conserve at times of high demand by forcing 26 We purchase the data on pollution permit prices from BCG Partners that is a dealer and broker in pollution permits. 27 See Schmalensee and Stavins (2013) for a description of the functioning of these markets and an explanation for the price volatility.
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households to face variable prices. The variable prices are related to the wholesale electricity costs at the time of consumption instead of the constant price throughout the monthly billing cycle that is based on long-run average costs of procuring electricity. A great deal of literature finds that real time pricing can have significant impacts on energy consumption patterns (see Borenstein (2005) for example). Real time pricing is typically implemented to equate electricity prices and marginal costs, but it can have significant environmental impacts.
Holland and Mansur (2008) finds that reducing the variance in electricity demand can reduce pollution emissions in regions that use oil-fired generation to meet peak demand. In related work, Holland and Mansur (2006) finds that real time pricing can increase aggregate load, but reduces profits of oil fired generators. The environmental impacts are mixed in their simulations with SO2 and NOx emissions increasing, but CO2 emissions decreasing. Allcott (2011) reports the impact of real-time electricity pricing on household demand from a large scale field experiment in Chicago. The results suggest that real time pricing reduces consumption during high price hours without significant increases in demand during off-peak hours. Allcott's calculations suggest that real-time electricity pricing in the Chicago region could be associated with reductions in CO2 emissions on the order of 4 % . To date the real-time pricing literature has not considered the impact of fuel prices on emissions.
To simulate the impact of real time pricing in NYC, we need estimates of the demand response to variable intraday prices. Allcott (2011) calculates the demand impact of real time pricing for hours of 6 a.m. to 9 p.m. for the summer and the rest of the year separately. 28 We follow Alcott and use hourly real-time wholesale electricity prices from NYISO for NYC to estimate the demand impact of real time pricing for each hour in our sample period. Each of the  parameters is taken from Allcott's estimates. 30 The resulting estimates are the impact of real time pricing per household measured in watts. To scale these estimates for NYC, we multiply by the three million NYC households as reported by the Census. 31 Finally, we divide the resulting changes in electricity demand by one million to get estimates in megawatt-hours.
This procedure generates an estimated load reduction for each hour as if NYC had implemented a realtime pricing scheme. The results, averaged by the price-spread quartile and season are reported in Table 8 . There is significant intraday variation in the demand changes, and those changes vary across price-spread quartiles.
Summing the estimated emission reductions suggests that real time pricing should reduce the aggregate demand over the course of a year by 4.2 million megawatt-hours during price-spread quartile 1 and 3.9 million megawatthours during price-spread quartile 4. 32 The lower electricity prices due to relatively inexpensive natural gas reduce the impact of the real time pricing on the aggregate demand by around 6 % .
Because the real time pricing policy has different demand impacts in different hours of the day, we estimate the marginal emissions across each hour of the day for each price-spread quartile. We reestimate equation 1 with hour-of-day fixed effects instead of load deciles to facilitiate this policy analysis. Specifically, we estimate:
where Emissions
are the emissions of pollutant p (we focus on CO 2 , but the appendix reports results for SO2 and NO x as well) from elecicity gerating facility f in hour h. The Hour h is a set of hour-of-day 29 By calculating the average price within a price-spread quartile, we are implicitly assuming that consumption patterns will respond to variations in the electricity prices driven by changes in relative to fuel prices. 30 Allcott's estimates are in cents per kilowatt hour. We multiply by ten to transform those coefficient estimates into dollars per megawatt-hour to be consistent with the EPA's CEMS data and the NYISO's pricing data. 31 The American Community Survey's five-year estimates for 2007-2011 report 3,049,978 households in NYC and 3,371,062 housing units. 32 The sum of demand reductions requires multiplying the hourly estimates for summer by 92 days and the non-summer estimates by 273 days and adding the resulting products.
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fixed effects. For consistency with the demand elasticity estimates, we estimate the equation separately for summer and non-summer months. The parameters of interest are the interaction effects of the twenty four hours and four price-spread quartiles that represent the marginal emissions from generation changes in a given hour and price-spread quartile. Those estimates are presented in Figure 8 . The results are consistent with the previously discussed estimates of the marginal emissions across the demand profile. During spread quartile 1 (with expensive natural gas), the marginal emissions are at their highest overnight when demand is the lowest and decreases through the day as demand increases and more expensive natural gas is brought online. In the other price-spread quartiles, this pattern is reversed as natural gas serves a higher proportion of the base load, and relatively more expensive oil is brought on during higher demand hours.
To estimate the environmental impact of the counterfactual demand changes, we take each hour's estimated demand shift under real time pricing and multiply that by the marginal emissions of generation during that hour. 33 The product is the estimated environmental impact of real time pricing for an hour in a season in a price-spread quartile. Table 9 summarizes the results for CO2 emissions. There is significant variation in all three dimensions: intraday, across seasons, and across fuel price spreads. Consistent with the literature, there are small environmental benefits to real time pricing. The benefits are largest over peak demand hours and during the summer. Moving outside of spread quartile 1 (the most expensive natural gas regime) reduces the benefits by around a third. The movements across the other spread quartiles lead to much smaller changes in environmental benefits.
The results presented here represent a short-run environmental response to real time pricing. In the longrun, consumers are likely to respond to real time pricing by adopting new technologies that allow them to better control electricity consumption throughout the day leading to changes in the demand elasticity parameters. Real time pricing could also change the way electricity generators are dispatched and/or the types of new generators 21 that are constructed in order to alter the prices and the demand-side response.
Discussion
The results above suggest that the real time pricing in electricity markets could have small, but significant, environmental benefits. The benefits of real time pricing are reduced by changes in relative fuel prices. As oil-fired electricity generators switch to natural gas and market forces change the dispatch of natural gas generators, electricity generation in NYC has become significantly cleaner. This effect is offset somewhat by oil-fired generation's shift to peak hours that has made these high demand hours relatively dirtier compared to low demand periods.
A full welfare analysis of real time pricing is beyond the scope of this paper, but to assess the economic significance of the results we can value the estimated CO2 emissions offset by the real time pricing in NYC. To monetize the damages avoided, we use the EPA's estimated marginal damages of a ton of carbon, known as the social cost of carbon (SCC). Recent estimates using a 3 % discount rate suggest that the SCC will be $39 in 2015.
We use this value to estimate the benefits of emission reductions. Our estimates suggest that real time pricing could reduce CO2 emissions by -2,768,901 tons in price-spread quartile 1 and -1,964,762 in price-spread quartile 4.
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With a SCC value of 39 per ton, this amount equates to annual benefits of 107,987,145 and 76,625,727 respectively. These benefits, while large in magnitude, are small on a per household basis with benefits moving from 36.00 to 25.54. The estimated costs of installing real-time pricing hardware vary from 200 to 1,000
per household that suggests the nonmarket benefits of CO2 emission reductions alone are not sufficient to justify introducing real time pricing. 35 Allcott (2011) suggests the environmental benefits of real time pricing are small relative to the private benefits from reduced electricity consumption. A full cost-benefit analysis would require 34 Results for price-spread quartiles 2 and 3 are -1,974,583 and -2,007,748 respectively. 35 Including the reductions in SO 2 and NO x emissions (discussed in the appendix) increases the nonmarket benefits of installing real time pricing significantly. The benefits from avoiding the installation of additional peak generating and transmission capacity could be very large as well. A full costbenefit analysis would require estimating these other non-pecuniary benefits along with the external benefits.
estimating other non-pecuniary benefits along with the external benefits.
Of more relevance to this study is the variation in the estimated benefits across the price-spread quartiles and the hours of the day. Moving from price-spread quartile 1 to 4 reduces the CO2 emission reduction benefits of real time pricing by 29%. 36 This reduction in benefits is driven largely by reductions in the marginal emission rates across quartiles. The demand reduction under real time pricing is attenuated by only 6%, which moves from price-spread quartile 1 to 4. The generation-weighted average marginal emission reduction is 26%. We know, from the analysis in section 4.2.3 that around two-thirds of these reductions in marginal emission rates are driven by reduced emission intensity, and the remaining third are driven by less intense dispatch at the pollution intensive generators. The hourly benefits can vary by as much as a third across the days within a price-spread quartile. Early morning hours produce the smallest benefits while hours 5 p.m. and 6 p.m. produce the largest across all of the price-spread quartiles.
Accurately evaluating the emissions impact of real time pricing requires high frequency data on marginal emissions rates and demand. The variation in the demand reduction implies using average emissions rates that lead to incorrect estimates. The environmental impacts of real time pricing are also sensitive to fuel prices. Setting a socially efficient subsidy to encourage the adoption of real time pricing by policy makers requires accurate forecasts of future fuel costs. It may also be possible to peg such a subsidy to fuel cost spreads to ensure that the real time pricing adjusts with the environmental benefits of the program, although this pegging adds significant administrative overhead.
The real time pricing exercise represents an application of this methodology, but this approach will be effective for at least two types of policy evaluations. The results can be applied to any policy or market shock that changes input prices. For example, a carbon tax could shift the relative price of generation from oil and natural gas generation in a manner similar to the natural gas price shock. The results are also useful for evaluating any energy or environmental policy that has heterogenous impacts througout the day. For example enhanced building codes, energy efficiency regulation and peak shaving programs all impact generation differently across hours within the day and therefore predicting the environmental impacts of those policies requires estimates of hourly marginal emissions and relative fuel prices.
Conclusion
In this paper, we describe a methodology for determining what fuel generators are using based on hourly data. We use hourly data on generator output, fuel inputs, and pollution outputs to estimate hour-by-hour which fuel type is in use. The results suggest that the fuel switching generators in NYC shifted to relying primarily on natural gas after 2008 when natural gas prices began to fall.
We then estimate how fuel prices have affected generation levels, fuel choices, and pollution emissions for NYC generators in aggregate and for two flexible fuel generators. The results suggest that while overall generation levels have not changed, flexible fuel generators switched heavily to natural gas at fuel price spreads of around $4.40 per mmBTU. The flexible fuel generators dispatched somewhat less, used more natural gas, and polluted significantly less as natural gas became relatively cheaper. The environmental benefits of cheaper natural gas come primarily from fuel switching at flexible generators, which accounts for around two-thirds of their observed emission reductions. The lower levels of generation from these generators account for the remaining reductions in pollution.
These results are useful in evaluating the effect of fuel switching on both environmental and energy policies. The marginal emission profile for New York City has dropped across all demand levels. This drop implies that the environmental impacts of real-time electricity pricing, plug-in hybrid cars, or increased wind generation are likely different in the current high fuel-price spread environment. Current fuel price spreads are at, or beyond, the fourth quartile of the fuel prices we observe during our study period. Under current fuel prices, we are unlikely to observe any switch back to oil-fired generation; but under plausible scenarios, the price spread could drop into the first quartile of observed spreads (around $4.40 per mmBTU). The EIA's Annual Energy Outlook for 2013 (EIA (2013)) reports fuel prices, among many other variables, for 28 different future scenarios. Under the scenarios that include high productivity from new oil extraction techniques (including fracking and related technologies), the forecasted price spread drops to less than $6.00. 37 The large scale export of liquid natural gas could lead to convergence between US and world prices in the natural gas market, which might lead to significant increases in gas prices and could return spreads to the first quartile. In these cases the environmental benefits of fuel switchi, Hng could be lost.
New York City is an important electricity market with high levels of pollution emissions in a densely populated region. When considering the external validity of results, it is important to draw a distinction between the extensive and intensive margins. Intensive margin fuel switching, existing plants changing their fuel inputs, is limited regions significant oil-fired generating capacity. Most U.S. oil-fired generation is concentrated in the Northeast and many large cities in the region have reliability requirements. The extensive margin, changes in dispatch intensity of natural gas fired power plants, can and do occur anywhere in response to fuel price changes.
The results presented here should be useful in evaluating the environmental impact of fuel switching in metropolitan areas with a mix of oil and natural gas-fired generation. The extensive margin results, which account for around a third of the environmental benefits of fuel switching, should prove helpful for general evaluations of the environmental benefits of fuel siwtching.
Recent volatility in oil prices and natural gas price spikes driven by pipeline capacity constraints could potentially reverse the results estimated here. Fuel switching at the extensive margin is particularly ethereal, but if oil prices remain low for a long enough period even the observed intensive margin fuel switching could be reversed. Evaluating the impact environmental and energy policy requires dynamic modeling that considers fuel prices.
There are several recent papers that examine the impact of environmental regulation on a generator's fuel choice, but these results suggest that market driven changes in fuel prices can have significantly larger 37 The EIA's "low oil price" scenario projects the price of fuel to fall to $13.21 by 2040 while natural gas prices increase to $7.23. Summary statistics across 528,765 electricity generator-hour observations. Generation is measured in megawatt-hours, pollution emissions are measured in pounds, and heat input is measured in millions of British thermal units (mmBTU), which describes the energy content of the fuel used in generation. Source: Authors' calculations from EPA Clean Air Markets data. Each column reports the average price for a specific type of pollution permit across the fuel-price spread quartiles. The column labeled SO2 is the price of a permit to emit a ton of SO2 in the Acid Rain Market. The column labeled NOx is the price of a permit to emit a ton of NOx during the ozone season. The results of the regressions that estimate the marginal SO2 emissions from a one megawatt increase in generation conditional on the weather, month, and the year fixed effects for all of the NYC generators. The regression includes the robust standard errors, and the standard errors are clustered at the generator level. This specification includes controls for both the SO2 and NOx permit prices The estimated reductions in demand under the real time pricing of electricity in New York City across the hour, price-spread quartile, and season. The demand reductions are measured in megawatts. The average hourly demand over the full sample is 9,166 megawatts. Note: The results of the regressions that estimate the marginal CO2 emissions from a one megawatt increase in generation conditional on the weather, month, and the year fixed effects for all of the NYC generators for each hour of the day and price-spread quartile. The regression includes the robust standard errors, and the standard errors are clustered at the generator level. The estimated reductions in CO2 (measured in tons) emissions under real time pricing of electricity in New York City across hour, price-spread quartile, and season. The estimates are generated by multiplying the marginal emissions in an hour and fuel-price spread quartile by demand reduction in the same hour and price-spread quartile. The average hourly CO 2 emissions across the full sample are 1,383 pounds.
